Signal transduction through the IGF axis is implicated in proliferation, differentiation and survival during development and adult life. The IGF axis includes the IGF binding proteins (IGFBPs) that bind IGFs with high affinity and modulate their activity. In neuroblastoma (NB), a malignant childhood tumor, we found that IGFBP-5 is frequently expressed. Since NB is an IGF2-sensitive tumor, we investigated the relevance and the function of endogenous IGFBP-5 in LAN-5 and in SY5Y(N) cell lines transfected with micro and small interfering RNAs directed to IGFBP-5 mRNA. Cells in which IGFBP-5 expression was suppressed were growth-inhibited and more prone to apoptosis than the parental cell line and controls. Apoptosis was further enhanced by X-ray irradiation. The ability of these cells to undergo neuronal differentiation was impaired after IGFBP-5 inhibition but the effect was reversed by exposure to recombinant IGFBP-5. Together, these data demonstrate the importance of IGFBP-5 for NB cell functions and suggest that IGFBP-5 might serve as a novel therapeutic target in NB.
Introduction
In mammals, the IGF axis is one of the most important signal transduction pathways whose activity is necessary from embryonic development throughout adult life. 1 Two low molecular weight cytokines, IGF1 and IGF2, are ligands of the main receptor IGF1R. 2 Both IGFs play important roles in cell proliferation and differentiation during development. 3 In adults, these factors are involved in the normal function of reproductive, immune and cardiovascular systems. 4 In the nervous system, IGFs are able to inhibit apoptosis during aging and neuronal degeneration. 5 The central role of IGF1R in cell growth during development is exemplified by the phenotype of IGF1R knockout mice. These animals, although viable, are approximately half the size of their wild-type counterparts. 6 Many intracellular proteins are involved in transduction of IGF signals from the membrane to the nucleus. 7 Some proteins are specific to this pathway, while others represent ubiquitous components of several transduction cascades. The activity of IGF axis is finely regulated not only by the availability of IGF factors and density of the IGF1R on the cell surface but also by a family of six proteins, the IGF binding proteins (IGFBPs), which bind IGF with high affinity. 8 IGFBPs are not only carriers of IGF factors but, at least IGFBP-3 and -5, can also bind the extracellular matrix (ECM), thus reducing their affinity for IGFs and allowing an optimal exchange of the factors with IGF1R, 9, 10 potentiating the IGF signaling. In addition, IGFBP-5 has been demonstrated to function as IGF-independent cytokine in bone cells. 11 Intriguingly, the function of IGFBP-5 seems tissue-specific and dosage-dependent. In bone 11 and smooth muscle cells, 12 this protein promotes proliferation. In human intestinal smooth muscle cells, the proliferative effect of IGFBP-5 depends on the Ras-dependent activation of p38 MAP-Kinase and the ERK1/2 pathways. 13 A decrease in IGFBP-5 gene expression following growth inhibition of the rat mammary gland has been reported. 14 On the contrary, during the involution of the mammary gland IGFBP-5 acts as inhibitory factor. 15 Recent work also reports growth inhibition by IGFBP-5 in human breast cancer cells in vitro and in vivo. 16 In contrast with these data, IGFBP-5 has been involved also in apoptotic processes in various cell types with different findings dependent on the cell type analyzed. In prostate 17 and mammary 18 glands and in the rat brain following hypoxic-ischemic injury, 19 increased expression of IGFBP-5 has been associated with apoptotic processes. In contrast, Perks et al. 20 have demonstrated a protective effect of IGFBP-5 in human breast cancer cells following a proapoptotic stimulus with ceramide. Also in cerebellar granule cells, the induction of apoptosis has been associated with downregulation of IGFBP-5. 21 Interestingly, this effect can be reversed by IGF1 administration. 21 The activity of the IGF axis is important not only in normal tissues but also in many types of tumors that are sensitive or dependent on the availability of IGF factors. 22, 23 Neuroblastoma (NB), a childhood tumor originating from the embryonic neural crest, is IGF2-sensitive. 24 Although many clinical and genetic markers of NB are commonly used to help the clinicians in defining diagnosis and prognosis of this neoplasia (see for an extensive review Brodeur 25 ), the outcome of stage 3 and 4 patients remains poor. NB preferentially metastasizes at distant sites where a paracrine support of IGF2 is available. 24 In some aggressive NB tumors as well as in many NB cell lines, autocrine production of IGF2 is detectable. 26 Recently, we demonstrated that IGFBP-5 transcription is stimulated by c-Myb and B-Myb oncoproteins in NB cells through direct and indirect mechanisms. 27 In the same cells, IGFBP-5 administration causes dose-dependent opposite effects: low amounts of recombinant protein added to the medium stimulated proliferation while a high concentration reduced cell growth. 27 Since expression of IGFBP-5 is commonly detected in NB cells, 28 an obvious question is whether the endogenous IGFBP-5 production in cells that are sensitive to IGF factors is functionally relevant.
Silencing through siRNA or micro RNA is a natural mechanism for suppression of specific gene activity that is highly conserved in evolution. 29, 30 The use of siRNA and micro RNA in mammals has been very useful understanding the biological role of several genes using a relatively simple and efficient technique. 29 The recent availability of plasmid and retroviral vectors, which are able to induce the synthesis of micro RNA targeted to a particular mRNA in mammalian cells, has allowed the production of stable cell lines in which the expression of a specific gene has been suppressed. 31 In this paper, we carried out micro and small interfering RNA-mediated gene silencing to investigate the function of endogenous IGFBP-5 expression in NB cells. Using this approach, we were able to demonstrate relevant effects of IGFBP-5 on cell proliferation, apoptosis and differentiation in this tumor type.
Results

Generation of IGFBP-5-interfered NB cells by micro RNA
The human NB LAN-5 cell line expresses detectable levels of IGF2, IGF1R and IGFBP-5. 27 We used a micro RNA-based strategy to inhibit the expression and assess the functional role of the endogenous IGFBP-5 in these cells. To this end, we engineered an expression vector (pMIREV), which transcribes hairpin RNAs from the human U6 promoter 32 and contains the puromycin resistance gene for selection in eukaryotic cells (details of the procedure to obtain pMIREV are given in the Materials and Methods). Hairpin RNAs are processed in the cells by the ubiquitous type III endonuclease Dicer to become micro RNAs which are shuttled to the target messenger RNAs in a multiprotein complex 30 and generate heteroduplex micro RNA/target mRNA that cannot be translated into a protein. To assess the effectiveness of pMIREV in inhibiting the expression of specific genes, we cloned into this vector a sequence known to generate a micro RNA that inhibits the expression of the firefly luciferase protein. 33 NB cells were transfected with this vector together with a reporter vector that transcribes firefly luciferase. At 36 h after transfection, luciferase activity was measured and compared with that of a control test in which the reporter vector was cotransfected with the empty pMIREV. Compared with the controls, the anti-firefly luciferase micro RNA generated by pMIREV ILuc was able to specifically inhibit luciferase activity by approximately 60%.
Three different target sequences named 1, 2 and 3 located at the 3 0 UTR of the human IGFBP-5 mRNA (see Figure 1a ) were selected using a program designed to identify the best fit regions for interference by micro RNAs (see Materials and Methods). The corresponding DNA sequences that can be transcribed in hairpin RNAs were cloned into pMIREV. The resulting constructs were transfected into LAN-5 cells and puromycin-resistant cells were selected and expanded for 28 days in the presence of 1 mg/ml puromycin. To designate the single clones obtained after selection, we used the following nomenclature: each clone was named I (for Interfered) followed by a number indicating the target region (1, 2 or 3) at which the micro RNA was targeted, followed by a letter indicating that particular clone (A, B, C, etc.). A parallel experiment was carried out by transfecting the pMIREV Iluc vector containing the sequence that was able to inhibit luciferase (see above). The clones obtained from this transfection were named ILuc and used as controls. We (Figure 1b) . In contrast, cells transfected with interfering sequences corresponding to region 1 did not show any decrease in IGFBP-5 expression levels (not shown). A densitometric analysis of the IGFBP-5-specific bands is shown in Figure 1c . In some instances, transfection of retroviral or plasmid vectors producing micro RNA could induce an interferon-like response with the activation of specific genes and nonspecific decrease in translation activity. 34 To rule out this possibility, we monitored the levels of expression of the interferon-induced oligoadenylate synthase 1 (OAS1) gene 35 by reverse transcriptase (RT)-PCR in transfected clones and in controls. Compared with controls, there was no variation in OAS1 RNA levels in the IGFBP-5-interfered clones (Figure 2a ). On the other hand, quantitative real-time PCR analysis showed a detectable increase of IGF2 RNA transcripts in IGFBP-5-interfered clones at 4 days from plating ( Figure 2b ). To assess whether the increase in IGF2 mRNA correlated with enhanced protein levels, an ELISA test was carried out in interfered clones and controls 4 and 6 days from plating ( Figure 2c) . A timedependent IGF2 accumulation in the supernatants was detectable in interfered clones and in controls (compare white and black bars in Figure 2c ). Of note, the levels of IGF2 protein in the interfered clones did not show the striking increase observed for the IGF2 mRNA transcripts. The amount of IGF2 protein fluctuated from a maximum of 52.6370.31 to a minimum of 23.9170.36 ng/10 5 cells in I3G and I3E, respectively, 6 days after plating (Figure 2c ). In summary, there was not a significant compensatory increase of IGF2 proteins in IGFBP-5-interfered clones. Moreover, semiquantitative RT-PCR analysis to detect the expression of IGFBP-1, -2, -3, 4, -6 in IGFBP-5-interfered clones did not reveal IGFBP-1, -3 and -4 mRNA transcripts in all samples tested (not shown), while IGFBP-2 and -6 levels were essentially identical in the interfered clones and in the control. (Figure 2d ).
IGFBP-5 interference causes growth inhibition of NB cells
During the selection process, we noted that cells transfected with sequences aimed at interference of regions 2 and 3 grew very slowly. On the contrary, cells transfected with sequences aimed at interference of region 1 and ILuc controls grew like the parental cell line. Therefore, we set up experiments to determine the proliferation rate of some IGFBP-5-interfered clones. Cells were seeded in medium supplemented with 10% FCS and allowed to grow for 192 h (8 days). At the last time point, the number of IGFBP-5-interfered cells was consistently lower than in controls (Figure 3a ) with a percent reduction ranging from 20.10% (I3G) to 68.59% (I3F). These differences in cell numbers were evident after 4 days but did , which analyzes the metabolic activity by measuring cell viability (details of this assay are given in the Materials and Methods). In these experiments, we used 7.5% heatinactivated fetal calf serum to minimize the exogenous supply of biological active growth factor contained in the serum. We found that viability of the IGFBP-5-interfered cells was reduced to 58.6% compared to the ILuc control taken as 100 after 72 h of culture (see Table 1 ). Since the effect of IGFBP-5 silencing in LAN-5 cells could be limited to this particular cell line, we carried out IGFBP-5 interference on SY5Y(N), another human NB cell line. 36 We synthesized Tumor cells often acquire the ability to grow in an anchorage-independent manner in vitro. 37 Thus, we tested whether inhibition of IGFBP-5 expression could affect this capacity by culturing IGFBP-5-interfered and control cells in semisolid agar for 11 days. On counting the number of clones (i.e. groups of more than 20 cells), the clonogenic activity of IGFBP-5-interfered cells was markedly reduced compared with controls (Table 2 ). In addition, clones developing from IGFBP-5-interfered cell cultures were markedly smaller than those in controls (Figure 4 ).
IGF-dependent and IGF-independent effects of IGFBP-5 on cell proliferation of NB cells IGFBP-5 alongside its IGF-dependent activity may function as a cytokine per se. 11 We have previously reported that ectopic administration of recombinant IGFBP-5 (1-100 ng/ml) was able to induce a proliferative effect in NB cells. 27 Addition of 1 ng/ml of recombinant IGFBP-5 increased proliferation of IGFBP-5-interfered cells (clone I2B) to 11273.87 compared with 10073.79 of untreated cells (Figure 5a ). Administration of recombinant IGF2 (100 ng/ml) also augmented proliferation of the same cells (11472.52) (Figure 5a ). When cultures were treated with both IGF2 (100 ng/ml) and IGFBP-5 (1 ng/ml), there was a further increase in proliferation (12271.87) (Figure 5a ). To distinguish between IGF-dependent and -independent effects of IGFBP-5 on cell proliferation, cells were incubated in the presence of an anti-IGF1R blocking antibody (aIR3). Treatment with aIR3 (2 mg/ml) caused a decrease in proliferation (7072.47) (Figure 5a ). However, the same treatment (aIR3, 2 mg/ml) in the presence of recombinant IGFBP-5 (1 ng/ml) was less inhibitory (8772.24) (Figure 5a ), suggesting an IGF-independent proliferative effect of IGFBP-5.
A partial rescue of the proliferation (8471.60) was also obtained by adding recombinant IGF2 (100 ng/ml) to cells treated with aIR3 (Figure 5a ). Simultaneous administration of recombinant IGF2 (100 ng/ml) and IGFBP-5 (1 ng/ml) to aIR3-treated cells caused a slightly higher rescue of proliferation than single treatments (9171.85) (Figure 5a ). In addition, Figure 4 Growth in semisolid agar. Representative microscopic fields of controls (ILuc) and IGFBP-5-interfered clones (I2B and I3E) after staining with crystal violet (11 days in semisolid agar) Cells were seeded and allowed to grow for 11 days. After staining, clones were counted as described in Materials and Methods. The % of clonogenicity was calculated as clones/total cells Â 100. Statistical significance (P *) in comparison with the value of the ILuc control was calculated by the two-tailed Student's t-test 
Increase of spontaneous apoptotic rate in IGFBP-5-interfered cells
The morphology of IGFBP-5-interfered cells revealed features of apoptosis such as membrane blebbing and irregular nuclear shape. Staining with Hoechst 33258 highlighted chromatin condensation and presence of vacuoli in many IGFBP-5-interfered cells from individual clones cultured in medium supplemented with 7.5% inactivated fetal calf serum for 96 h (data not shown). Different clones of IGFBP-5-interfered cells, kept in the same culture conditions described above, were stained with propidium iodine (PI) and subjected to flow cytometry to determine their DNA content. This experiment revealed a statistically significant increase of hypodiploid DNA (ranging from 17.82 to 40.36%) in the IGFBP-5-interfered clones compared to the ILuc control (10.12%) (see Table 3 ). The higher apoptosis of IGFBP-5-interfered cells prompted us to test whether other agents could act in a agonistic manner to further enhance apoptosis. Thus, IGFBP-5-interfered and control cells were treated with two different X-rays doses (4 and 8 Gy) and caspase 3/7 activation was measured by luminometric assays after irradiation (30 h, Figure 6a and 72 h, Figure 6b ). Although the levels of active caspase 3/7 increased in IGFBP-5-interfered cells as well as in the controls, the former had always a higher activity, which was proportional to the X-ray dose used (Figure 6a and b) , demonstrating that other proapoptotic stimuli could enhance the effects associated with IGFBP-5 inhibition. We also analyzed expression of the proapoptotic protein Bax in basal and starvation growth condition: Bax levels in the interfered clones were elevated independently from the culture conditions, while starvation was required in control cells to obtain Bax levels comparable to those of the IGFBP-5-interfered cells (Figure 6c ). The induction of apoptosis upon IGFBP-5 silencing is unlikely to be a feature restricted to the LAN-5 cells, as the SY5Y(N) cell line, transfected with siRNA directed against IGFBP-5, showed a 2.6-fold increase in Bax expression compared to control by real-time PCR (Figure 3b , right panel).
IGFBP-5 interference affects the differentiation competence of NB cells
LAN-5 cells differentiate toward a neuronal phenotype and exhibit increased IGFBP-5 expression when treated with alltrans-retinoic acid (RA) at micromolar concentrations. 28 We (Figure 7 compare c to f) . In muscle cells, the simultaneous administration of IGF1 and IGFBP-5 (100 ng/ ml) was able to promote differentiation. 38 Interestingly, when the same amount of recombinant IGFBP-5 (100 ng/ml) was added to the cultures together with RA, IGFBP-5-interfered cells reacquired the ability to differentiate indistinguishably from controls ( Figure 7 , h and i compared to g). Of note, a similar effect was obtained also with lower amounts of IGFBP-5 (1 ng/ml) although to a lesser extent (not shown). To assess whether the effect of IGFBP-5 on cell differentiation of NB cells was dependent on IGF1R signaling, LAN-5 cells were pretreated with the IGF1R blocking antibody aIR3 (2 mg/ml) followed by the administration of RA alone (Figure 7l , m, n) or in combination with IGFBP-5 ( Figure 7o, p, q) . IGFBP-5-interfered cells were unable to differentiate toward a neuronal phenotype and underwent cell death when IGF1R was blocked by aIR3 antibody (compare panels m and n with l). The ability to differentiate was only partially rescued by addition of IGFBP-5 to cells treated with aIR3 antibody and RA, although a large number of IGFBP-5-interfered cells still underwent cell death (Figure 7, p and q compared with o) . A quantitative evaluation of apoptosis and differentiation in these culture conditions is presented in Table 4 . Cells were defined as apoptotic when their nucleus was pycnotic and cytoplasm was scarce or absent. Cells were defined differentiated when neurites outgrowth exceeded twice the length of the cell body. In control cells, 5.86% were scored as apoptotic compared with 23.94 and 17.32% in I2B and I3E IGFBP-5-interfered cells, respectively. Differentiated cells were 86.79% in control (ILuc) as compared with 58.03 and 64.84% in I2B and I3E IGFBP-5-interfered cells, respectively. It should be noted that the actual degree of cell death is underestimated in the panels of Figure 7 , since most dead cells were floating in the medium and were lost during the staining process.
In addition, we assessed the presence of a classical neuronal marker, neurofilaments, in cells treated with RA for different times. Compared with controls (ILuc), levels of neurofilaments were low or undetectable in IGFBP-5-interfered cells (Figure 8a ). Interestingly, another intermediate filament protein, vimentin, showed multiple bands only in IGFBP-5-interfered cells (Figure 8a ). Since vimentin is proteolytically cleaved by different caspases, 39 this observation is consistent with the activation of apoptosis in RA-treated IGFBP-5-interfered cells. In agreement with the effects on morphological differentiation (Figure 7) , treatment with recombinant IGFBP-5 (100 ng/ml) induced an increase of NF expression after 3 days of RA treatment (Figure 8b ). In the same culture conditions, the control cells expressed a much higher level of NF (Figure 8b ). In contrast, the level of vimentin in the IGFBP-5-interfered clones was higher than in control (Figure 8b ).
Discussion
Three components of the IGF axis, IGFBP-5, 28 IGF2 and IGF1R 40 , are readily expressed in NB cells, but the significance of IGFBP-5 remains unclear. We used micro RNA producing vectors and small interfering RNA to inhibit the Previous data from our laboratory demonstrated that administration of recombinant IGFBP-5 had a biphasic effect: low-moderate concentrations of IGFBP-5 evoked a moderate proliferative response; higher amounts caused growth inhibition. 27 Different clones of IGFBP-5-interfered cells had a substantial reduction of proliferation, which suggests a growth promotion activity of the endogenously expressed IGFBP-5 in NB cells. Our data demonstrated also that IGF2 and IGFBP-5 were both able to stimulate growth in IGFBP-5-interfered cells and controls. Of interest, although IGF2 RNA levels were increased in IGFBP-5-interfered cells, the amount of protein in the culture supernatants did not show relevant differences compared to control. This could be due to a post-transcriptional regulation of IGF2 that prevents the synthesis of high amounts of IGF2. In normal growth conditions, phosphorylation of the IGF1R receptor was unchanged in IGFBP-5-interfered cells compared with controls although IGF1R receptor phosphorylation can be further increased upon addition of recombinant IGF2. This finding suggests that the effect of IGFBP-5 interference on cell proliferation could be due to an IGF-independent activity of IGFBP-5. This hypothesis is further supported by the observation that administration of ectopic IGFBP-5 to cells in which the IGF1R receptor was blocked with the aIR3 antibody stimulated growth. Culturing the IGFBP-5-interfered NB cells in the presence of both IGF2 and IGFBP-5 evoked a higher proliferative effect than that obtained by each protein alone. In conclusion, although our data confirm that IGF2 stimulates proliferation of NB cells, they suggest that endogenously produced IGFBP-5 acts, at least in part, via an IGF-independent mechanism, consistent with the effect of IGFBP-5 in stimulating proliferation of bone cells. 11 The activity of IGFBP-5 as a growth stimulatory protein was also demonstrated in smooth muscle cells. 41 On the contrary, the proliferation of mammary cells transfected or infected with vectors producing IGFBP-5 was inhibited. 16 The proliferation-promoting effect of the endogenously produced IGFBP-5 in NB cells supports the notion that this protein can achieve apposite effects in different cell types, which may depend on the availability of other components of the IGF axis. In NB, it is likely that balanced amounts of different endogenously produced IGF axis components act together to achieve the best conditions for proliferation of these tumor cells. Thus, altering this equilibrium by inhibiting IGFBP-5 expression has a detrimental effect on proliferation. IGFBP-5-interfered NB cells exhibited also a decreased ability to grow in anchorage-independent conditions, a feature which is a hallmark of a fully transformed phenotype. 42 Consistent with the reduced proliferation of IGFBP-5-interfered cells, clones formed from these cells, plated in semisolid medium, were invariably smaller than those of controls.
In parallel with the reduced proliferation, IGFBP-5-interfered cells had an increased propensity to undergo apoptosis either spontaneously or upon nutrient deprivation. The apoptotic process was clearly demonstrated by an increase in the hypodiploid DNA content, activation of caspases 3 and 7 and increased Bax protein levels. Interestingly, fragmentation of vimentin, a known caspase target, 39 was detectable only in IGFBP-5-interfered cells in differentiating conditions. Thus, the main consequence of IGFBP-5 inhibition was to prevent neuronal maturation (see below), and to drive the cells toward apoptosis in the presence of a differentiation inducer. The increased propensity to undergo apoptosis was associated with augmented expression of Bax. Although the mechanism of this event remains unclear, Bax overexpression is expected to promote changes in mitochondrial permeability causing a release of proapoptotic molecules. 43 In tumors, forcing the cells to undergo apoptosis is a relatively new but potentially effective therapeutic strategy. 44 Our finding on the increased apoptosis susceptibility of IGFBP-5-interfered NB cells prompted us to assess whether this propensity could be exploited to enhance the proapoptotic effects of ionizing radiations. Although there was no synergism between IGFBP-5 inhibition and irradiation, we could achieve an additive effect that was proportional to the X-ray dose. This could possibly be due to the proapoptotic activities of ionizing radiations and IGFBP-5 inhibition involving different mediators of the same pathway, although an effect via parallel or distinct pathways cannot be excluded. Nevertheless, the increased apoptotic susceptibility of IGFBP-5-interfered cells upon X-ray irradiation points toward future therapeutic applications in NB and in other IGFBP-5-expressing tumors.
The expression of IGFBP-5 increases during NB differentiation, 28 suggesting a role for this protein also during this process. We found that IGFBP-5 interference strongly impaired the ability of NB cells to undergo neuronal differentiation as confirmed by lack of neurite outgrowth and neurofilaments expression after 3 days of RA treatment, although we cannot rule out the switching to other differentiation lineages. The fragmentation of vimentin observed in RAtreated IGFBP-5-interfered cells suggests that, during differentiation, these cells were more prone to apoptosis than control cells. The impairment of neuronal differentiation was partially reversed by administration of recombinant IGFBP-5. Thus, the presence of optimal IGFBP-5 levels is a requisite for neuronal differentiation of NB cells. This finding is consistent with data obtained in other cell systems where activation of IGF axis occurs during differentiation, 45 and with the reported increase of IGF1 expression during neuronal differentiation. 46 In addition, IGF2 and IGFBP-5 increased during RA-induced differentiation in LAN-5 cells. 28 When IGF1R was blocked by a specific antibody, treatment of the cells with RA and recombinant IGFBP-5 caused a significant neuronal differentiation in parallel with the appearance of numerous pycnotic cells consistent with further increase of apoptosis. Together, these data indicate that IGFBP-5 has a significant effect on the ability of NB cells to undergo neuronal differentiation and also that the activity of the IGF signal transduction is required to protect the cells from undergoing apoptosis in the presence of differentiation-inducing stimuli. Preliminary data indicated that also neural differentiation induced with cAMP was impaired in IGFBP-5-interfered clones (not shown), suggesting that the involvement of IGFBP-5 in the differentiation process is not limited to a single inducer.
In conclusion, inhibition of endogenous expression of IGFBP-5 by means of micro and small interfering RNA has marked effects on proliferation, apoptosis and differentiation of NB cells. The inhibition of proliferation associated with increased susceptibility to apoptosis makes IGFBP-5 protein a promising target for a biological approach to NB therapy.
Materials and Methods
Expression plasmids for micro RNA production
The pMIREV plasmid (Micro Interfering RNAs Expressing Vector) was engineered to transcribe hairpin RNAs from human U6 promoter (265 bp upstream the transcription start) 32 and to contain resistance to puromycin. The promoter of human U6 gene was obtained by PCR from human DNA and cloned in the KpnI/SmaI sites of the pBluescript SK vector. The cassette containing the SV-40 minimum promoter and the puromycin resistance gene was subcloned from plasmid pBabe-puro into the SapI site of pBluescript SK-U6 using standard techniques. The resulting vector was named pMIREV. Three different target sequences identified as 1, 2 and 3 and located at the 3 0 UTR of the human IGFBP-5 mRNAs were selected using a program (RNAi OligoRetriever, http://www.cshl.edu/ public/SCIENCE/hannon.html) designed to identify optimal regions for interference by micro RNAs. The corresponding DNA sequences that can be transcribed in hairpin RNAs were: I1 strand þ : 5 0 -GGGCTGGGGG TGGGAGGGGGTGAGGGAAGAAGCTTGTTCCTTCGCCCCCTCCCAC TCCCAGTCCCGATTTTTTTCTAGACTAGG-3 0 , strand-:
0 . I1, I2 and I3 double-stranded oligonucleotides were cloned in the SmaI site of pMIREV vector to generate pMIREV I1, pMIREV I2 and pMIREV I3. ILuc double-stranded oligonucleotides that were previously demonstrated to produce micro RNA inhibiting firefly luciferase 33 were similarly cloned to generate pMIREV ILuc. 
RNA interference with small interfering RNA
Cell culture and transfections
The NB cell line LAN-5 47 was cultured in RPMI 1640 medium (Euroclone, Paignton, Devon, UK) supplemented with 10% fetal calf serum (Hyclone, Logan, UT, USA), penicillin and streptomycin (100 mg/ml each), and 2 mM L-glutamine at 371C, 5% CO 2 . The NB cell line SY5Y(N) 36 was cultured in D-MEM (Euroclone, Paignton, Devon, UK) supplemented with 10% fetal calf serum (Hyclone, Logan, UT, USA), penicillin and streptomycin (100 mg/ml each), and 2 mM L-glutamine at 371C, 5% CO 2 . In differentiation assays, all-trans-RA (SIGMA, Saint Louis, MO, USA) was used at the final concentration of 5 mM as previously described. 48 Medium containing RA was changed every 3 days. For stable transfections, LAN-5 cells grown at 70% confluence were transfected with the expression vectors (pMIREV I1, pMIREV I2 and pMIREV I3), which transcribe hairpin RNAs processed in the cells to become micro RNAs and the control pMIREV ILuc, using the calcium phosphate precipitation technique as described previously. 47 Puromycin (SIGMA) selection (1 mg/ml) was started 48 h after transfection. Single clones were expanded for 28 days and tested for IGFBP-5 expression.
Semisolid agar assays
Anchorage-independent growth was carried out in semisolid agar as follows: base agar (0.5%. agar, 1 Â RPMI 1640 and 10% fetal calf serum) was added in each well and allowed to solidify; an equal volume of top agar (0.35% agar, 1 Â RPMI 1640 and 10% fetal calf serum) in which cells were present at the concentration of 10 3 cells/cm 2 was added in the same well. Plates were incubated at 371C, 5% CO 2 in a humidified incubator for 11 days and stained with 0.005% crystal violet for 41 h. Single cells (defined as cells or aggregates of o20 cells) and clones (aggregates of 420 cells) were scored in the plates counting at least 200 elements in each plate. Each experimental point was carried out in duplicate. Experiments were repeated twice with overlapping results.
Proliferation assays
Cells were seeded at a density of 4 Â 10 4 /cm 2 in RPMI 1640 medium supplemented with 10% fetal calf serum and counted at different times. Doubling times were calculated using the following equation: Dt ¼ Dt/ log 2 (C1/C0) where Dt is the doubling time, Dt is the difference between ending and starting time, and C1 and C0 are the cell counts at the ending and starting times, respectively. Cell proliferation/viability was measured using the WST-1 kit (Roche Molecular Biochemicals, Mannheim, Germany) based on the colorimetric detection of a formazan salt. In each well, 4 Â 10 4 cells were seeded in RPMI 1640 medium supplemented with 7.5% heat-inactivated fetal calf serum. Recombinant IGFBP-5 (Upstate Biotechnology, Inc. Charlottesville, VA, USA), IGF2 (SIGMA), and blocking antibody to IGF1R (aIR3, Oncogene, Research, San Diego, CA, USA) were added at the indicated concentration, and the colorimetric reading at 450 nm was carried out after 48, 72 h according to the manufacturer's instructions. Background absorbance of each sample at 630 nm was subtracted from the readings at 450 nm.
Apoptosis
Evaluation of DNA content was carried out with propidium iodide staining (50 mg/ml) followed by flow cytometric analysis (FACSCalibur, Becton Dickinson, Bedford, MA, USA).
Caspase 3 and 7 activities were measured using the luminescent Caspase-Glot 3/7 kit (Promega, Madison, WI, USA) based on detection of a luminescent caspase 3/7 substrate following caspase cleavage. In each well, 1.5 Â 10 4 cells were seeded in RPMI 1640 medium supplemented with 7.5% heat-inactivated fetal calf serum. Cells were irradiated with 4 and 8 Gy using a Gilardoni X-ray generator (Gilardoni S.p.A., Mandello del Lario, Lecco, Italy) and the Caspase-Glo assays were carried out 30 or 72 h later according to the manufacturer's instructions.
Protein analysis: Western blots and immunoprecipitations
Cellular proteins were extracted as described previously. 48 Immunoprecipitation was carried out as follows: 500 mg of cellular extract was preincubated with protein G-Sepharose beads (Pharmacia, Biotec. Uppsala, Sweden) for 45 min at 41C. The supernatant was incubated with protein G-Sepharose beads coated with IGF1R (aIR3)-specific antibody (Oncogene) overnight at 41C. Beads were washed four times with the immunoprecipitation buffer (50 mM Tris-HCl pH 7.4, 5 mM EDTA, 250 mM NaCl, 50 mM NaF, 0.1% Triton X-100, 0.1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride and 10 mg/ml leupeptin). In all, 2 Â SDS gelloading buffer (100 mM Tris-HCl pH 6.8, 200 mM DTT, 4% SDS, 0.2% bromophenol blue, 20% glycerol) was added directly on the protein GSepharose beads that were boiled for 5 min. Protein extraction from the culture supernatants was carried out as described previously. 27 Briefly, cells were kept for 40 h in serum-free medium, the supernatant was collected, supplemented with 1 mM phenylmethylsulfonyl fluoride, 10 mg/ ml leupeptin and 10 mg/ml aprotinin and centrifuged for 10 min at 1500 Â g at 41C. The supernatant was transferred to a Centricon 10 (Amicon, Millipore Corp. Bedford, MA, USA) and concentrated according to the manufacturer's instructions. Protein separation on SDS-polyacrylamide gels and Western blot analysis were carried out as described previously. 
ELISA test
The ELISA test to determine IGF2 protein concentration in culture supernatants was carried out using the nonextraction IGF2 ELISA kit DSL-10-2600 (Diagnostic Systems Laboratories, Webster, TX, USA) according to the manufacturer's instructions.
RNA extraction RT-PCR and real-time PCR
Total RNA was prepared using RNAwiz (Ambion). RNA was cleaned from carry-over DNA contaminations using the DNA-free kit (Ambion) and it was reverse transcribed with RETROscript kit (Ambion) according to the manufacturer's instructions. An input of 500 ng of RNA was used for each reaction. Subsequent PCR were carried out for the indicated number of cycles at the appropriate annealing temperature for each of the following pairs of primers: OAS1: UP 
